Abstract: Measuring resource efficiency can be achieved using different methods, of which primary energy demand is commonly used. The primary energy factor (PEF) is a figure describing how much energy from primary resources is being used per unit of energy delivered. The PEF for nuclear power is typically 3, which refers to thermal energy released from fission in relation to electricity generated. Fuel losses are not accounted for. However; nuclear waste represents an energy loss, as current plans for nuclear waste management mostly include final disposal. Based on a literature review and mathematical calculations of the power-to-fuel ratio for nuclear power, PEF values for the open nuclear fuel cycle (NFC) option of nuclear power and different power mixes are calculated. These calculations indicate that a more correct PEF for nuclear power would be 60 (range 32-88); for electricity in Sweden (41% nuclear power) PEF would change from 1.8 to 25.5, and the average PEF for electricity in the European Union (EU) would change from 2.5 to 18. The results illustrate the poor resource efficiency of nuclear power, which paves the way for the fourth generation of nuclear power and illustrates the policy implication of using PEFs which are inconsistent with current waste management plans.
Introduction
Nuclear power is sometimes seen as the solution to the climate crisis [1] [2] [3] , as electricity produced in large quantities from the combustion of coal, oil, and natural gas needs to be replaced by alternatives with a much more limited climate impact. Renewable energy sources such as solar, wind, hydro, and wave power will have to be vastly expanded to replace the current use of fossil fuels, but will in turn result in significant challenges in balancing supply and demand in a smart grid [4] . Improving energy efficiency on large scale will be needed, as addressed in e.g., European energy targets [5] , where efficiency measures are not only targeted on electricity. A countervailing force is the development of electric and fuel cell vehicles, which will further increase the need for clean power [6] .
Leaving aside the fossil fuel energy required to produce uranium fuel, to build and maintain nuclear plants, and to establish and operate nuclear waste management, nuclear power can be considered a carbon neutral source of energy [7] . Nuclear power cannot, however, be regarded as a sustainable energy source due to the fact that it is a finite resource, in addition to the risk of nuclear radiation due to incidents and problems at mining sites, etc., cf. [8] . Attempts have been made to assess the environmental impact of nuclear power not only based on emissions, but also considering ionizing radiation from nuclear waste [9, 10] . However, even if a serious nuclear accident can cause considerable damage to humans and other living organisms for a very long time period, the impact on the overall assessment is minor given the fortunately limited probabilities (whether calculated or based on radiation damage statistics) for such accidents [11] . This paper will not deal with environmental impact, such as the abovementioned important impacts from nuclear power, but instead focuses on resource efficiency. Evaluating resource use from energy use based on primary energy factors (PEF) has evolved both within the research community [12] [13] [14] and in, for example, the energy performance of buildings in the EU [15] , and has gained a lot of interest due to its simplicity. The primary energy factor states the relationship between the total input of energy and the final energy use. The primary energy factor aims to measure the resource efficiency of different fuels or energy forms and neglects other environmental impacts such as pollution or other risks of damage to living organisms. As such, there are many flaws with primary energy measurements (e.g., it does not account for whether the resources are finite or not); nevertheless, this study focuses on an accurate primary energy factor for nuclear power.
The hypothesis is that current primary energy factors for nuclear power do not take all energy losses into consideration. In particular, losses related to fuel production and nuclear waste for an open nuclear fuel cycle (NFC) are not included. This may have an immense impact on the actual PEF value and, as nuclear power is prominent in energy systems of the industrial world, will also affect the weighted mean PEF value for individual countries as well as regions such as the EU. This study is a critical review of how the primary energy factor for nuclear power is currently calculated and it suggests a new, more accurate calculation of PEF for nuclear power.
Materials and Methods
The critical review consists of a combination of literature review and calculations. First, a literature review on current primary energy factors for open NFC nuclear power was compiled. Potential differences between different sources were followed up and values were evaluated in relation to the primary energy definition. The next step consisted of calculations, where potential inconsistencies in the literature were dealt with. An updated primary energy factor for nuclear power was calculated, as well as the updated primary energy factors for Swedish and European electricity mixes. Finally, an analysis of the findings was performed, where nuclear power is compared to other sources of electricity generation in terms of primary energy demand. Furthermore, implications of the current and new primary energy factor on energy policy are discussed.
Results

Literature Review
Primary energy of nuclear power is present in many scientific papers, but often just as an applied number in calculations or assessments. There are few references in scientific papers which actually elaborate on the issue. One study in Energy Policy [12] discusses different energy indicators in relation to different electricity generation technologies. Primary energy demand is one of these indicators, referred to as cumulative energy demand (CED). In Section 2.3.2 of Reference [12] , the authors discuss the primary energy content of nuclear, hydro, and wind power. For nuclear power, two approaches are presented. One refers to primary energy as the energy content in the turbine of the power plant, i.e., multiplying final energy (electricity) by 3, thereby assuming a life cycle energy efficiency of 33% [16] . The second approach is found in the Ecoinvent database, commonly used in life cycle assessments. Here, the primary energy is defined as "the energy content of the fissile isotope in the natural uranium extracted from the mines" [17] . The second approach suggests a more holistic view, covering the whole life cycle back to the cradle, but according to the authors they do not result in great differences (10.8 MJ/kWh for the IEA (International Energy Agency) approach and 11.5-12.9 MJ/kWh for Ecoinvent approach).
Wilby et al. [13] present and discuss empirical and dynamic primary energy factors. Different tools and methodologies for calculating PEFs are mentioned, e.g., SAP (Standard Assessment Procedure) and GEMIS (Global Emission Model for Integrated Systems). The paper also mentions policy aspects such as directive 2009/28/EC on the promotion of the use of energy from renewable sources [18] , the EPBD (energy performance of buildings directive) [15] , and the ESD (energy service directive) [19, 20] One example of values based on GEMIS is found in a report from IINAS (International Institute for Sustainability Analysis and Strategy) [23] . GEMIS is both a model and a database used in EU and OECD (Organisation for Economic Co-operation and Development) countries for life-cycle assessment and it "evaluates environmental impacts of energy, material and transport systems, i.e., air emissions, greenhouse gases, wastes, and resource use (primary energy, raw materials, land, water)" [23] . The model takes into account direct impact from operation and indirect impact from auxiliaries and materials needed to construct the processes. Data on nuclear power is presented for Germany, France, and the UK; total value of PEFs are displayed in Table 1 . A minor share (0.02) is attributed to renewable energy sources.
One of the most widely used data sources for PEF in Sweden is the book of environmental facts for fuels [24] . Nuclear power is included; the value is found in Table 1 . System boundaries seem to be consistent with the GEMIS approach. Fuel production, including the production of auxiliary materials, is included. Construction and deconstruction of nuclear power plants are also included as well as nuclear waste management. Internal use of electricity is calculated as nuclear power.
In a report from Adapt Consulting [25] , prepared for Energy Norway, different conversion factors for electricity are presented (Annex 1) as well as an assessment of their impact on EU energy and climate goals (Annex 5). In the report, the problem of associating nuclear power and renewable energy sources with correct PEF is acknowledged: "It may not be possible to quantify the energy content in the wind or the sun that serves as a fuel for wind and solar power plants. In conventional nuclear power plants, only 10% of theoretical energy content in the fuel is converted to electricity, but if the waste is reprocessed, it can be possible to recover large portions of the energy content." This challenge is met by an approach called the "partial substitution method," which focuses on the theoretical energy content of traditional fossil fuels. This means that renewable and nuclear energy is valued in terms of primary fossil energy (the overall efficiency is assumed to 40%). In the report, alternative methods for calculating PEFs are presented (physical energy content and European standard on energy performance of buildings for both non-renewable and total PEF); these are all displayed in Table 1 . Except for the higher value for French nuclear power, suggesting a lower degree of efficiency, most data sources report a PEF of approximately 3, which is consistent with the thermal energy released in the turbine. In case upstream activities such as ore mining, etc. are included, losses are small.
A relevant question before continuing is whether PEF is an appropriate measure of resource efficiency. According to Alvarenga et al. [14] , natural resources can be categorized as: (a) renewable or non-renewable; (b) stocks, funds, or flows; (c) biotic (living organisms) or abiotic (the result of past biological processes (e.g., crude oil) or chemical processes (e.g., metal)), among other classifications. In LCA (Life Cycle Assessment) [26] , the environmental impact due to material and energy flows are calculated based on inflows to the technical system (use of resources) and outflows (emissions to air, water, and soil). Resource scarcity can be included in LCA to varying degree as RAM (Resource Accounting Method), mid-point resource depletion, or end-point depletion [14] . The PEF measure (CED) is to be categorized as a RAM. A vast number of different approaches to resource assessment using exergy approaches, etc. are presented and discussed, and are also applied to the case of ethylene [14] . Despite the fact that some of these approaches may actually be more scientific and informative than PEF, the use of PEF or CED has become so widespread that suggesting an improvement within the PEF measure would probably gain more attention than suggesting new ways of measuring.
Coming back to the definition of primary energy, it is vital to consider all losses pre-combustion. In Figure 1 , a reproduction from Reference [12] , different types of losses are graphically illustrated.
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Calculations
Nuclear power plants are seldom fueled with natural uranium, but with uranium fuel. The form, or isotope, of uranium which is fissile is the uranium-235 (U-235) isotope. Natural uranium, as found in ore, has a low share (0.7%) of Uranium-235; the remaining part is Uranium-238 [27] . For most types of reactors, the concentration of U-235 needs to be increased (enriched)-typically to The prevailing PEF = 3 for nuclear power sets the relation between W and the sum of W + X. Some data sources also include losses from operation (B1, B2) and infrastructure (A1, A2) but these are minor. It is obvious that fuel losses (C) have so far been neglected when assessing nuclear power. However, one of the most problematic issues with nuclear power is the problem with radioactive waste. The waste is partly low or medium active (used equipment, clothes, etc.) while the majority of the high active waste is spent fuel. Radioactivity is a form of energy, meaning that radioactive waste contains huge amounts of primary energy. This loss is not accounted for in the PEF, which suggests that the energy in spent fuel should be seen as a potential resource that has not been consumed. However, at least in Sweden, the major plan is to bury nuclear waste underground, preserving the waste at its final destination using a method which can be considered as "point of no return," i.e., the waste is not intended to be used. This means that the current PEF for nuclear power is inconsistent with most current plans for the final disposal of spent fuel. It should also be noted that this circumstance separates nuclear power from the combustion of solid (like coal or biomass) or liquid (e.g., oil, gasoline) fuels, where fuel-related energy losses are moderate due to more or less complete combustion processes.
Nuclear power plants are seldom fueled with natural uranium, but with uranium fuel. The form, or isotope, of uranium which is fissile is the uranium-235 (U-235) isotope. Natural uranium, as found in ore, has a low share (0.7%) of Uranium-235; the remaining part is Uranium-238 [27] . For most types of reactors, the concentration of U-235 needs to be increased (enriched)-typically to between 3.5% and 5% U-235 [27] . Used fuel still contains approximately 96% of its original uranium (U-235 and U-238), of which the U-235 content has been reduced to below 1%. About 3% of the used fuel contains waste products and the remaining 1% is plutonium (Pu) produced while the fuel still was in the reactor but not yet consumed. In the following, fuel losses (C in Figure 1 ) and PEF considering these losses are calculated. The calculation is focused on the energy transformation in the nuclear power plant (from nuclear energy to electrical energy), but also includes energy losses upstream from the nuclear power plant (enrichment and fuel fabrication) as well as its implication on PEF for the electrical power grid mix.
The first step is to consider the transformation of nuclear energy to electrical energy. In this step, the amount of nuclear energy (expressed as energy density) of the fuel is determined together with the released thermal energy, referred to as burn-up, and generated electricity, which is calculated by using the power-to-heat ratio. The energy density is expressed as the amount of energy released per unit of mass. Calculations made for the fission of any uranium, plutonium, thorium, or any other actinide isotope results in 200 MeV per fission on average [28] . The 200 MeV is converted to the so-called energy equivalent of appr. 372 kg/(GWyr), which is the rate at which the mass of any actinide is transferred to the mass of fission products (lantanides) in a fission reaction. The energy equivalent of 372 kg/(GWyr) is equivalent to 23,564 MWh/kg. This value has been validated against other references displayed in Table 2 . The calculated energy density of 23,564 GWh is within the interval in Table 2 , representing a good approximation. The amount of energy that has been released during fission depends on the reactor type, enrichment level, etc.; it is measured as burn-up. The burn-up is the released thermal energy per mass unit of uranium, which is later transformed to electricity and heat losses [33] . Reported burn-up values from various sources are found in Table 3 . Based on the reported values in Table 3 , a baseline assumption of 50 GWd/tHM is assumed [34] . As burn-up may vary considerably from one reactor to another, two additional burn-up scenarios of 40 [27] and 73 [34] have been included to be able to draw general conclusions.
Going from thermal energy to electrical energy is achieved using a regular power-to-heat ratio for nuclear power plants. The baseline power-to-heat ratio is set to 33%, which is consistent with the average PEF reported previously (Table 1) . Lower efficiencies of 27.9 [17] and 41 [34] have been included as well.
Summing up previous calculations, the inverted power-to-fuel ratio (PEF) is hence calculated as:
ED = energy density; BU = burn-up; η = power-to-heat ratio.
Resulting PEFs for the different assumptions on burn-up and power-to-heat ratio are displayed in Table 4 . Two observations can be made from Table 4 . The first is that the calculated PEFs vastly exceed the existing PEF of 3, which suggests that the current value underestimates the poor use of uranium fuel. The other observation is that, in contrast to the current PEF (cf. Table 1 ), which revolves around 3 irrespective of reactor type, etc., the calculated values in Table 4 suggest a large variation between different fuel cycles and reactor types.
Besides fuel losses, some additions following the life cycle of the fuel can be made. Adding fuel fabrication (2000 MJ/kg [35] ) and enrichment (5177 MJ/kg [36] ), upstream energy losses can be summarized as 1.9 × 10 −3 GWh/kg (2000 + 5177 = 7177 MJ/kg =1944 kWh/kg). This is considerably lower than the energy intensity of the fuel itself, which means that this addition will not change the PEF value. Other possible additions would be the energy needed to mine the uranium ore, construct the nuclear power plant, etc. However, these are not accounted for, as it is assumed that they are also negligible.
To illustrate the consequence of a much higher PEF nuclear on the system level, the impact on the weighted average PEF for different power mixes were calculated. The Swedish power mix with 41% nuclear power in 2014 [37] and the European mix with 27.4% nuclear power in 2014 [38] were applied. Data on the Swedish power mix and PEFs used are displayed in Table 5 . The PEFs in Table 5 vary considerably, comprising different types of primary energy as shown in the units. For hydropower, a 90% degree of efficiency in the turbine is applied. Wind power is considered as "free" energy, where losses in transmission and distribution of 5% have been included. The PEFs below zero violates the first law of thermodynamics, which suggests a more proper value to be 1.05, but the value of 0.05 is still frequently used, at least in Sweden. For nuclear power, the power-to-heat ratio is 34% and for combined heat and power (CHP) plants, a high degree of efficiency of 57% was used as approximation.
Changing the PEF nuclear from 2.92 to 60 changes the primary energy demand to 3732 TWh for nuclear power and 3825 TWh for the Swedish power mix. The PEF for the Swedish power mix changes from 1.83 to 25.5.
For the European power mix, official statistics are somewhat troublesome as the term "conventional thermal" is used for almost 50% of the power supply without stating what fuels or processes are used [38] . However, according to EU directives [18] [19] [20] , a mean PEF of 2.5 is set for electricity which reflects an average efficiency of 40%. As nuclear power constituted 27.4% of the total power supply of 3031 TWh in the EU in 2014 [38] , the average PEF was recalculated to 18 (Appendix A).
Discussion
Changing, or perhaps the term should be 'correcting,' the PEF nuclear in line with what is suggested does not only increase the PEF for nuclear power itself, it may actually affect the PEF for an entire power mix. The examples above on PEF changes show that the PEF for Sweden increases from 1.83 to 25.5, while for the EU in increases from 2.5 to 18, suggesting that the EU mix, despite its high use of fossil fuels in comparison to Sweden, is more resource efficient. It is, however, important to bear in mind that in terms of emissions and use of fossil resources, the Swedish power mix can be regarded as having better environmental performance than the EU mix.
According to the IINAS report [23] , a vast number of PEFs for different power sources are displayed in Table 4 . Apart from 'wastes-EU,' which typically reflects incineration condense power plants with poor power-to-fuel data, the PEFs for nuclear power are already the highest, followed by various bioenergy sources, lignite, coal, and natural gas. The lowest PEFs are found for solar, hydro, and wind power. The finding in this study may seem controversial, as the range for current PEFs are 1-5 and sometimes even below 1 (depending on whether renewable energy is accounted for, how allocation is made for wastes, if biofuel is considered as waste, and how surplus heat from industrial production is valued). Suggesting a PEF of 60 (range 32-88) for nuclear power would just "move the whole system" and define a new "base level" for PEF for electricity. As nuclear power is being decommissioned, or as the fourth generation of nuclear power enters the market, the PEF for the power grid mix would drop. Current primary energy factors implicitly mean there is no energy loss associated with the waste; that is, nuclear waste should in principle be reprocessed into plutonium (Pu-239) and used in a Breeder reactor along with excess of Uranium-238 from enrichment. The spent fuel from the Breeder reactor is also highly radioactive and must be subject to final disposal, but the half-life is significantly shorter. So, in addition to the fact that nuclear waste can be reused as fuel, the long-term problem of radioactive waste is reduced. The decisions taken today on nuclear power, being based on current primary energy factors, are in fact very costly as they require future investments in methods for extraction of the energy in nuclear waste. The spent fuel policy in most countries is based on direct disposal, whereas some countries such as China, France, and Japan have reprocessing policies supporting closed NFC [39, 40] . Reprocessing used nuclear fuel provides a significant (by many orders of magnitude) reduction of the potential hazard of nuclear waste. The re-use of reprocessed used fuel is an environmentally friendlier option for nuclear power which provides a safer nuclear waste management route [41] . This suggests that PEF should be considered differently between different countries. However, reprocessing is still subject to research, and no large-scale plants have been built thus far [34, 42, 43] . On the other hand, with reprocessing, the need for final disposal is considerably reduced which implicitly means that the overall costs of fourth-generation nuclear power will be lower than projected.
These calculations are sensitive to the assumption for burn-up. The International Atom Energy Agency (IAEA) reports on retrospective and prospective data on burn-up worldwide [44] . Their data shows that the performance of existing fuels is continuously increasing and that the increase will continue for all types of light water reactors (LWRs). While the average discharge burnup of pressurized water reactors (PWRs) will increase to 60 GWd/t in 2050, boiling water reactor (BWR) will reach 54 GWd/t. The most dramatic increase is perhaps found for PHWRs (Pressurised Heavy Water Reactors), where slightly enriched uranium will substitute natural uranium, increasing the burn-up from 7 to 20 GWd/t. Such a development is, together with reprocessing plants, very positive in terms of the resource efficiency of nuclear power.
Another interesting aspect is how the view of Energiewende in Germany could change if the new primary energy factor of nuclear power takes effect. Some argue that it is a success story when Germany, and thereby also the EU, reduces the use of finite resources (uranium) and shifts towards renewable resources. Detractors argue that the use of fossil fuels such as coal has increased in the short term, and additionally the climate impact would have been decreased if renewable resources had replaced fossil fuels instead of nuclear power. However, in terms of resource efficiency, as measured by the proposed higher primary energy factor, Energiwende must be considered as a great success.
Possible future research could include a closer investigation of temporal aspects in both retrospective and forward-looking studies on the development of electricity systems with respect to PEFs. Inconsistencies in PEFs for other types of power supplies could also be addressed. Consequential analyses of introducing fourth generation nuclear power, given the new PEF, would also be interesting, both in terms of resource efficiency and economy.
Conclusions
•
Most current primary energy factors are based on heat content in the turbine of the nuclear power plant, meaning PEF = 3.
• Previous PEFs do not include all relevant losses, in particular fuel losses as radioactive waste.
This implies that spent fuel is seen as a potential resource which has not been used. This is inconsistent with current policy for the final disposal of nuclear waste in most countries.
The calculations indicate that a more correct PEF would be 60.
The PEF is highly sensitive to the actual burn-up, and may vary between 32 and 88 or more. This implies that PEFs for nuclear power have to be calculated on an individual plant level instead of using the current generic value.
The average PEF for electricity in Sweden with 41% nuclear power in its mix would change from 1.8 to 25.5 if the calculated PEF was introduced.
The average PEF for electricity in the EU would change from 2.5 to 18 if the calculated PEF was introduced.
